baseline, hallucinations (present in 41%) and delusions (present in 55%) were common and associated with lower cognitive function. In analyses that controlled for baseline level of cognitive function, demographic variables, parkinsonism, and use of antipsychotic medications, hallucinations, but not delusions, were associated with more rapid cognitive decline on each cognitive measure. In the primary model, there was a 47% increase in the average annual rate of decline on a composite cognitive measure in those with baseline hallucinations compared with those without them. This eVect was mainly due to a subgroup with both auditory and visual hallucinations. Conclusion-These findings suggest that the presence of hallucinations is selectively associated with more rapid cognitive decline in Alzheimer's disease.
Persons with Alzheimer's disease often show signs of hallucinations or delusional thinking at some point in the disease course.
1 It has been diYcult, however, to establish the relation of these psychotic features to the progressive decline in cognitive function which characterises the disease. Several longitudinal studies have found the presence of psychotic signs in Alzheimer's disease to be associated with more rapid cognitive decline, [2] [3] [4] [5] [6] [7] but evidence of this association has been inconsistent [8] [9] [10] [11] or lacking [12] [13] [14] [15] [16] in other studies. These variable results likely reflect several factors. Firstly, the presence or absence of psychosis has been determined from a single evaluation in some studies 2 5 7-14 16 but from multiple evaluations in others. 3 4 6 15 Secondly, hallucinations and delusions, the main signs of psychosis in persons with Alzheimer's disease, have been analysed separately in some studies 2 8 9 12 14-16 but together in others.
3-7 10 11 13 Thirdly, in most studies of this issue, assessment of cognitive function has been restricted to the mini mental state examination (MMSE). 17 However, because of its brevity, the MMSE has limitations in assessing change (for example, floor and ceiling eVects, 18 practice eVects 19 ), and because of its global nature, the MMSE may not identify eVects confined to specific cognitive domains. Fourthly, some studies have not adequately controlled for demographic (for example, age, education) or clinical (for example, antipsychotic medications, parkinsonism) variables which may influence the association of psychotic signs with cognitive decline. Fifthly, the ability to model change in cognitive function has been limited in some studies by factors such as low follow up participation, number and spacing of observations, and duration of the study period.
In the present study, we examined the occurrence of hallucinations and delusions over a 4 year period in persons with Alzheimer's disease and the relation of these behaviours to patterns of cognitive decline. A cohort of more than 400 patients was evaluated annually, with over 90% participation in follow up among survivors. Evaluations included structured interview of a knowledgeable informant about the occurrence of hallucinations and delusions and administration of a battery of cognitive performance tests. Analyses assessed whether the presence of hallucinations or delusions at baseline, or over the full study period, was associated with cognitive decline, and whether results were influenced by selected demographic or clinical variables or by how cognitive function was measured.
Methods

SUBJECTS
This cohort has been described elsewhere. 20 Eligibility required a clinical diagnosis of Alzheimer's disease (see below), an MMSE 17 score>10, and community residence. Over a 1 year period, 492 persons seen at the Rush Alzheimer's Disease Center in Chicago met these criteria; 410 (83%) agreed to participate. The study was approved by the Human Inves- At baseline, persons had a structured, uniform evaluation, which was repeated annually for 4 years, with examiners blinded to previously collected data. The procedures of the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) 21 were incorporated in the evaluation, which included a medical history, neurological examination, cognitive function testing, and informant interview; laboratory tests and brain scans were done at baseline but not at follow up unless clinically indicated. At each evaluation, prescription and over the counter medications were inspected, identified, and coded using the Medi-Span Data Base system. 22 A board certified neurologist classified people for Alzheimer's disease and other conditions aVecting cognitive or physical function. The diagnosis of Alzheimer's disease required a history of cognitive decline and evidence of impairment in memory and cognitive function. The criteria for probable Alzheimer's disease set forth by the joint working group of the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS/ADRDA) 23 were met by 380 persons; 30 met NINCDS/ADRDA criteria for possible Alzheimer's disease because of the presence of another condition thought to contribute to cognitive impairment.
The neurological examination included administration of the entire motor portion of the unified Parkinson's disease rating scale (UPDRS). 24 A previously established global measure of parkinsonism was derived from this scale and used in all analyses. At baseline, the mean score on this measure was 9.9 (SD 9.9); range: 0 to 51). Further information on the composition and metric properties of this measure is published elsewhere. 25 26 ASSESSMENT OF COGNITIVE FUNCTION Eighteen cognitive tests were administered at each evaluation and used to form six outcome measures. The primary measure was a composite based on 17 tests, excluding the MMSE. Test scores were converted to z scores, using the baseline mean and SD, and averaged to yield the composite measure. Because the MMSE has been used in many previous studies, it served as a secondary measure of global cognitive function. It has been suggested that psychotic symptoms may be diVerentially associated with specific facets of cognitive function. 10 27 To address this issue, the cognitive measures were subdivided into four domains, based on a previous factor analysis. Measures of memory, visuoconstruction, repetition, and naming (based on six, three, four, and four individual tests, respectively) were formed in the same way as the composite score, by converting raw scores to z scores and computing the average. Further psychometric information on the individual tests and factor analysis is provided elsewhere. 20 
ASSESSMENT OF HALLUCINATIONS AND
DELUSIONS
At the baseline evaluation, the person with the greatest amount of daily contact with the participant was identified. Interview of this person took place at each evaluation, unless this person was unavailable in which case a secondary informant was used. Interviews were highly structured and were conducted by trained research assistants.
Delusions were assessed with seven questions which covered DSM-III-R 28 subtypes of persecutory, grandiose, somatic, and jealous delusions. Misidentification syndromes were also included. Hallucinations were assessed with four questions which addressed auditory and visual experiences, inferred from the patient's behaviour or verbalisations. Misinterpretations of environmental stimuli were not treated as hallucinations. In a previous study, 29 composite measures of delusions and hallucinations based on these items had adequate internal consistency (coeYcient =0.82 for delusions and 0.71 for hallucinations) and stability over a 1 month retest interval (r=0.76 for delusions and 0.79 for hallucinations). In the present study, delusions or hallucinations were regarded as present at baseline if at least one item indicated occurrence since the onset of dementia; on follow up, questions referred to occurrences since the previous examination. Insight regarding hallucinations was not assessed.
FOLLOW UP PARTICIPATION
Over 90% of survivors participated in each follow up evaluation. There were 141 deaths during the study, with 23 occurring before the first follow up evaluation. Longitudinal analyses required at least two valid scores on a given outcome measure. Among those who survived to the first follow up, 91.5% met this criterion for the composite measure of cognitive function (mean=3.8). There was an average of 3.7 valid hallucination and delusions scores for each person in this group. Additional information on follow up participation is provided elsewhere. 20 
DATA ANALYSIS
Random eVects regression models were used to estimate individual patterns of change in cognitive function over the study period and to test whether psychotic signs and other covariates were related to initial level of or rate of change in cognitive function. 30 The models assumed that each person's individual path of change followed the mean path except for random eVects that caused the initial level to be higher or lower and the rate of change to be faster or slower. Both of these random eVects were assumed to follow a bivariate normal distribution, and the observed measurements were assumed to diVer from a person's true path only by independent, identically distributed errors at each time of observation. These two components of between person variation were used to estimate growth curves for each person, which were plotted.
The random eVects analyses were carried out in SAS PROC MIXED. 31 The mean estimate indicates the average change in the cognitive score associated with a one unit change in the predictor. The standard error (SE) is estimated from the overall likelihood equation, and allows for inferences about the reliability of eVects. The basic assumptions of the models involve linearity, normality, independence of errors, and homoscedasticity of errors. Linearity assumptions were checked analytically by including quadratic or other non-linear terms in models and graphically by plotting residuals against the predictors. Normality, independence, and homoscedasticity were evaluated by plotting estimated random eVects in a scatter plot, by plotting residuals from each time point, and by examining univariate and bivariate summary statistics. We concluded from these procedures that model assumptions were adequately met. A more detailed explanation of the application of these models is contained in a previous publication.
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Results
Hallucinations were noted in 41.0% of the cohort at baseline, 39.7% at the second evaluation, 43.4% at the third, 33.6% at the fourth, and 31.1% at the fifth. Delusions were present in 54.7% at baseline, 47.5% at the second evaluation, 45.7% at the third, 34.3% at the fourth, and 29.8% at the fifth. Over the full study period, hallucinations were present on at least one evaluation in 69.5% and delusions in 80.2%
Random eVects models were used to test whether hallucinations or delusions were related to baseline level of or rate of change in cognitive function. To capitalise on all available data, the primary analyses used the composite measure of cognitive function. The initial model had terms for study time (in years), hallucinations (at baseline), and the interaction of hallucinations with time. This and subsequent analyses also included adjustment for demographic (age, education, sex, race) and clinical (parkinsonism) variables that can aVect cognitive function. In this model (table 1), the cognitive score declined an average of 0.47 standard units per year (95% confidence interval −0.39 to −0.54) in those without hallucinations. Hallucinations were associated with a lower cognitive score at baseline, by an average of 0.33 units, and with an average decline per year of 0.69 units, which is an increase of 47% compared with those without hallucinations. Figure 1 shows the distribution of the slopes estimated from this model for each subgroup. Rates of cognitive decline are generally greater in those with hallucinations than in those without them, but much variability is evident in both subgroups.
The primary analysis was repeated using the MMSE because of its extensive use in prior longitudinal studies. The MMSE score declined an average of 3.19 points per year (SE 0.16) in those without hallucinations. In those with hallucinations, MMSE score was 1.85 points (SE 0.51) lower at baseline and declined an average of 0.59 additional points per year (SE 0.23, p<0.01). This represents an 18% increase in the rate of MMSE decline associated with hallucinations.
Three potentially confounding factors were examined in subset analyses. Firstly, because antipsychotic medications can aVect psychotic signs and cognition, the analysis was repeated excluding those on such medications at any evaluation point. Compared with the primary model, there was a slight reduction in the association of hallucinations with baseline cognitive function, but the association with cognitive decline was comparable. Secondly, because other conditions such as stroke can contribute to hallucinations and cognitive impairment, the analysis was repeated excluding those with these conditions, and comparable results were obtained. Thirdly, to see if mortality influenced the findings, the analysis was restricted to people who survived the study period. Results were not substantially changed.
To see if hallucinations were related to some forms of cognitive function but not to others, the primary analysis was repeated on the summary measures of memory, visuoconstruction, repetition, and naming. Hallucinations were associated with lower baseline scores and more figure 2 . In those with hallucinations, compared with those without them, the average annual rate of decline was increased about 31% for memory (p<0.01), 31% for visuoconstruction (p<0.05), 48% for repetition (p<0.001), and 44% for naming (p<0.001).
At baseline, hallucinations were exclusively auditory in 7.9% of the cohort, exclusively visual in 15.2%, and both auditory and visual in 17.9%. To see if cognitive decline diVered in these subgroups, a model was run with terms for visual hallucinations, auditory hallucinations, both visual and auditory hallucinations, and their interactions with time (table 2). Rate of cognitive decline was substantially increased in those with both visual and auditory hallucinations. Rate of cognitive decline in those with only visual or auditory hallucinations was increased but not significantly so (0.05<p<0.10 for both interaction terms).
Finally, the analysis was repeated with a hallucination measure based on the full study period, rather than the initial evaluation alone, because this approach has been used in some prior studies. 3 4 6 15 In those who never hallucinated, cognitive score declined an average of 0.39 units annually (SE 0.05). Those who ever hallucinated had lower baseline cognitive function, by an average of 0.23 units (SE 0.07), and declined an average of 0.61 units annually (SE 0.05), an increase of 93% compared with those who never hallucinated.
The association of delusional thinking and cognitive function was assessed in a similar series of analyses. The primary model (table 1) indicated that persons with delusions at baseline had a lower composite cognitive score at baseline than those without delusions. However, delusions were not related to rate of cognitive decline, as shown by the interaction term in the model. A series of secondary analyses, similar to those conducted for hallucinations, examined potentially confounding variables, diVerent cognitive function measures, and a measure of delusions based on the full study period. Delusions were not significantly related to rate of cognitive decline in any analysis.
Discussion
This study examined the occurrence of hallucinations and delusions over a 4 year period and their relation to cognitive decline in a large cohort of people with Alzheimer's disease. Each sign was common. Hallucinations were present in 31% to 41% of persons at each evaluation and delusions in 30% to 55%. The frequency of these signs 32 and their relative stability over time 33 are consistent with previous research.
The presence of either hallucinations or delusions at the baseline evaluation was associated with lower baseline level of cognitive function. In analyses that controlled for baseline level of cognitive function, demographic variables, and selected clinical factors including antipsychotic medications and parkinsonism, hallucinations were associated with more rapid decline on all cognitive measures; the increase in the average annual rate of decline on a composite measure of cognitive function was nearly 50%. This association was mainly due to those who exhibited both visual and auditory hallucinations. By contrast, delusional thinking was not significantly related to cognitive decline.
There has been some previous evidence that hallucinations and delusions are diVerentially related to cognitive decline in Alzheimer's disease. Burns et al 2 12 reported such a dissociation. However, their observation period was only 1 year and most patients had severe dementia at baseline. The dissociation was also reported by Chui et al, 8 but their findings were mixed and neuroleptic use was not adequately controlled. By contrast, three studies did not find a dissociation between hallucinations and delusions. 9 14 15 Each of these negative studies had sample sizes under 100, however, reducing statistical power and the ability to control for potentially confounding factors.
As noted above, the relation of psychotic signs to cognitive decline in Alzheimer's disease has been inconsistent in prior studies. Our results suggest several factors that may have contributed to this variability. Firstly, many prior studies have analyzed hallucinations and delusions together. 3-7 10 11 13 In view of the dissociation seen in the present study, this approach has probably weakened findings, especially because delusions are usually more common than hallucinations. Secondly, we classified the presence/absence of psychotic signs on the basis of the baseline alone or the full study period. Results for hallucinations were stronger with the second approach, and it is noteworthy that most previous studies using this approach have yielded positive results 3 4 6 or trends. 15 This may be because hallucinations occur sporadically in Alzheimer's disease and repeated evaluations over time reduce the likelihood of missing their occurrence. Thirdly, most previous longitudinal studies have used the MMSE. We found a substantially stronger eVect for hallucinations with a composite measure of cognitive function than with the MMSE. This is probably because the composite measure is based on 17 individual tests of varying diYculty, thereby reducing floor and ceiling eVects and other sources of measurement error which complicate assessment of change in cognitive function in Alzheimer's disease. 34 Several factors increase confidence in the findings. Firstly, the clinical diagnosis of Alzheimer's disease was based on uniform application of widely accepted criteria and confirmed in a high proportion of those who have come to postmortem. 20 Secondly, because of the large sample size, it was possible to control for potentially confounding demographic and clinical variables. Thirdly, findings were consistent across a range of global and specific cognitive function measures. Fourthly, the longitudinal study design, high rate of follow up participation with an average of three to four evenly spaced observations per person, psychometrically sound cognitive function measures, and random eVects regression models permitted characterisation of individual paths of cognitive change, how each sign influenced these paths, and whether these influences were on initial level, rate of change, or both.
The study also has important limitations. Firstly, assessment of hallucinations and delusions is diYcult in Alzheimer's disease. It is likely, however, that such problems were minimised in the present study by use of informant based measures of each sign that have been shown to yield high rates of agreement across interviewers and brief temporal intervals 29 and by the eYciency of the longitudinal design in identifying sporadically occurring events. Secondly, because participants were selected from a specialised diagnostic and treatment centre, they are unlikely to represent the full range of Alzheimer's disease in the population. Research on these issues in population based samples is needed.
Progressive cognitive decline is the principal clinical manifestation of Alzheimer's disease. The rate at which people decline is highly variable, however, and diYcult to predict. Our results suggest that knowledge of whether or not auditory or visual hallucinations have occurred can substantially improve prediction of subsequent course, even after other prognostic factors have been considered. For this reason, obtaining informant report about hallucinations is an important part of the clinical evaluation of Alzheimer's disease.
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